The formation of emulsions from multiple immiscible fluids is governed by classical concepts such as surface tension, differential chemical affinity and viscosity, and the action of surface-active agents. Much less is known about emulsification when one of the components is active and thus inherently not constrained by the laws of thermodynamic equilibrium. We demonstrate one such realization consisting in the encapsulation of an active liquid crystal (LC)-like gel, based on microtubules and kinesin molecular motors, into a thermotropic LC. These active nematic emulsions exhibit a variety of dynamic behaviors that arise from the cross-talk between topological defects separately residing in the active and passive components. Using numerical simulations, we show a feedback mechanism by which active flows continuously drive the passive defects that, in response, resolve the otherwise degenerated trajectories of the active defects. Our experiments show that the choice of surfactant, which stabilizes the active/passive interface, allows tuning the regularity of the self-sustained dynamic events. The hybrid active-passive system demonstrated here provides new perspectives for dynamic self-assembly driven by an active material but regulated by the equilibrium properties of the passive component.
INTRODUCTION
Emulsions are mixtures of two or more immiscible liquids whose properties are distinctly determined by the interplay between different components across the interface (1) (2) (3) . Simple realizations consist in dispersions of aqueous and oily components, with typical examples ranging from food and cosmetic products to drugs and physiological fluids. Emulsion research is nowadays driven by multiple scientific and technological motivations, such as their use as photonic materials (4) or as handles for the control of molecular transport (5), emulsion stabilization with nanoparticles (6), self-assembly of microcapsules (7), and reconfigurability via interfacial tunability (8) . Twenty years ago, a celebrated milestone was reached when a nematic liquid crystal (LC) was used as the dispersing phase (9) (10) (11) . From a fundamental point of view, the novelty in these nematic emulsions in relation to traditional preparations comes from the fact that, beyond electric and van der Waals forces, new interactions, originating in the orientational elasticity of the host matrix, come to play a decisive role (9, 12) . This development, and the parallel realization involving dispersed solid colloids, has enabled new self-assembling strategies while envisaging the design of composite materials with pre-engineered capacities, such as topologically protected states, fractality, and strong field tunability (13) (14) (15) (16) (17) (18) (19) . However, up to now, this approach is purely based on principles of static (equilibrium) self-assembly (20) . Here, the far-reach idea that we introduce is to change this perspective by demonstrating the realization of active nematic (AN) emulsions whose behavior is not restricted by the laws of equilibrium thermodynamics.
Active systems (21, 22) have been investigated profusely during the past decade, singularly in relation to biologically inspired in vitro realizations (23) (24) (25) . A remarkable group of such materials are active gels (26, 27) , assembled from bundled microtubules (MTs) cross-linked by kinesin (23) , that use motor units to transform chemical adenosine 5′-triphosphate (ATP)-based energy into directed flow and microactivity.
When condensed at fluid interfaces, this activity organizes spontaneous nematic orientational order of the gel, whose dynamics is characterized by the proliferation of self-propelling defects. Recent studies with planar interfaces reveal that, despite the robustness of these configurations, the dynamics of such AN can be influenced by the rheology of the contacting fluid, and its flow patterns can be conditioned in the presence of anisotropic interfacial stresses (28, 29) . When constrained to the surface of a sphere, the tubulin/kinesin AN (30) forms a shell whose topology, according to the Gauss-Bonnet theorem, demands the existence of a combined defect charge +2 (31, 32) . For small enough droplets, this requirement is met with four +1/2 active defects moving in the cortical shell and displaying, for moderate activities, a periodic dynamic that connects tetrahedral with more energetic coplanar spatial defect arrangements (30, 33) .
Here, we report the preparation of AN emulsions, where an aqueous active gel is dispersed into a continuous nematic thermotropic LC. We show that a distinctive feature is the cross-talk between the topological defects of the active and passive components. Using a combination of experiments and numerical simulations, the AN-driven dynamics reveals the emergence of regular and irregular regimes characterized by single, multiple, or broad-spectrum frequencies. The cortical flows triggered by active defects are prolonged into the host matrix, where they distort the passive defect structures. In turn, the latter unevenly distribute viscous stresses on the droplet surface and, in this way, organize the active defect trajectories. Apart from its fundamental interest, the presented scenario points toward the exploration of new modes of dynamic self-assembly, envisaging the realization of functional colloidal soft matter, inherently capable of featuring micromotility, locomotion, and activity.
RESULTS AND DISCUSSION
In our experiments, we emulsify an aqueous kinesin/tubulin active gel within the hydrophobic thermotropic LC 4-pentyl-4-cyanobiphenyl (5CB) (see Fig. 1 and Materials and Methods). Inside the microdroplets, depletion forces push the fluorescently labeled MTs toward the water/ 5CB interface, leading to the formation of an AN shell onto the inner surface of the droplets (Fig. 2, A to C) . Within a few minutes, all the MTs have migrated to the interface, whereas the bulk contains a diluted active gel that provides with a reservoir of ATP, enzymes, and motors required for the self-sustained motion of the AN shell. Fluorescence microscopy is used to visualize the structure of the active phase, whereas polarizing and bright-field microscopies are used to observe the passive mesogen (see Materials and Methods). Fluorescence confocal microscopy reveals that the shell is a few micrometers thick ( fig. S1 ). Although recent experiments have revealed that, under confinement, the bulk active gel can develop self-sustained ordered flows (34) , the fact that, here, most of the filaments concentrate at the water/oil interface allows assuming that residual bulk active flows will be irrelevant compared with flows generated by the active shell.
Net topological charge of defects in a thin nematic shell is +2, which is, because of energetics of the nematic, typically realized by four +1/2 defects; however, AN shells may, in principle, feature more than four topological defects. As a matter of fact, the steady-state defect spacing in an AN layer is only related to an activity-dependent length scale (29, 35) . Therefore, ANs confined to large droplets are unstable to the bending instability of active filaments, and pairs of positive and negative defects can spontaneously form and proliferate as observed at planar interfaces (29, (35) (36) (37) (38) . On the other hand, droplets that are too small cannot accommodate the four +1/2 demanded by topology, thus preventing the formation of the stable shell. Here, we study droplets 60 to 120 mm in diameter where the AN shell features four +1/2 defects.
We placed the active emulsions in the 140-mm gap between two parallel glass plates treated to impose a homogeneous in-plane alignment of the passive 5CB nematic phase (see Materials and Methods). At the outer droplet surface, the otherwise uniform 5CB matrix develops topological defects due to the spherical inclusion (39) . When the droplets are stabilized with a PEGylated phospholipid (see Materials and Methods), 5CB molecules organize perpendicularly to the droplet surface (homeotropic anchoring). This results in the formation of a localized ring disclination of quadrupolar character (40-42), known as Saturn ring (SR). The SR is in a plane perpendicular to the far-field alignment direction of 5CB and wraps the droplet (Figs. 1 and 2A ). Bright-field and fluorescence imaging (Fig. 2, D and E, respectively) permit to track at any time the behavior of the SR disclination and to monitor the dynamics of defects in the active nematic (AN) shell, although only two of the four +1/2 active defects can, at most, be observed simultaneously.
While continuously dragged by the inner cortical flows, SRs exhibit a remarkable integrity as they develop deformation modes that are steadily driven by the dynamics of the active defects. In Fig. 2G (see also movies S1 and S2), we show a sequence of snapshots of an SR with a deformation mode that features two maxima and two minima in the transversal distortion. These oscillations can be very stable and regular, spanning dozens of cycles, only limited by the available chemical fuel encapsulated within the aqueous droplet (Fig. 3, A to D) . The structure of the deformation modes may be characterized either by a single mode (Figs. 2G and 3A) or by a superposition of a main mode and its harmonics (Fig. 3 , E and F, and movie S3). As we discuss below, the type of dynamic behavior is determined by the strength of the coupling between the active and the passive phases and by the geometrical arrangements of the active defects with respect to the outer ring disclination.
For the studied size range, about 10% of the droplets feature oscillating SRs when sample monitoring begins, which typically corresponds to an elapsed time of about 10 min since emulsion preparation. The rest of the droplets exhibit a dipolar arrangement as a result of the collapse of the SR into a bulk point defect (hedgehog) (43) , a configuration that is also compatible with the homeotropic anchoring of the passive nematic. The SR is not stable in the presence of active flow and is susceptible to degenerate into this dipolar configuration. Although such folding can occur spontaneously in the presence of nonactive inclusions (41), we find that the lifetime of the oscillating SR decreases markedly with the activity of the AN shell. This lifetime is just a few minutes for high activity but more than 1 hour for low-activity regimes ( fig. S2 ). In the latter case, the SR may never collapse simply because activity ends before this event occurs, because of ATP exhaustion.
To better understand the coupling between the active and the passive defect motion, we performed numerical simulations, which we found to consistently reproduce the observed single-mode SR oscillations (Fig. 2, F and H, and movie S1). The central assumption of the model is that the back coupling of the passive dispersing material in response to the motion of active defects is weak enough not to cause major deformations of the active trajectories. This assumption allows us to consider trajectories in our case similar to those described by Zhang et al. (33) for free active droplets ( fig. S3 ). The motion of the defects in the active shell is characterized by the transition between a slightly distorted tetrahedral configuration and a higher-energy planar arrangement, with a periodic evolution between the two. Simulations reveal that one period of the SR oscillations corresponds to multiple transitions between the two active defect configurations ( fig. S4 ).
The high symmetry of the sphere and the corresponding freedom in inscribing the embedded cube anticipate a high degeneracy of the realized trajectories. Simulations show that a key variable to explain the dynamical regime is the orientation of the active defect trajectories with respect to the equilibrium plane, perpendicular to the passive nematic far field (Fig. 4, A and B) . Figure 4A shows an aligned situation, where active defects rotate in pairs around the x, y, and z axis, oscillating between a coplanar and a tetrahedron-like configuration. Notice that, in this aligned configuration, the active defects lie on the plane of the SR in one of the coplanar configurations. We have probed the response of the passive nematic to the alignment of active trajectories by rotating the latter around the z axis so that that coplanar configuration now forms an angle b with respect to the plane of the SR (Fig. 4B ). For consistency, we have also run numerical simulations for active trajectories being rotated around the x or y axis, obtaining similar conclusions as with rotations around the z axis. Whereas the plane of the SR is set by the strong boundary conditions imposed by the cell walls on the passive LC, the orientation of the four active defects is, in principle, degenerate. Our simulations show that the single-mode oscillations of the SR observed in the experiments are reproduced only for b close to zero (Fig. 4, E and F) , whereas for nonzero values of b, the SR displays high-mode or multimode oscillations (Fig. 4 , G and H, and movie S4). As a consequence, a situation where the orientation of the oscillating active defects were truly degenerate should result in a negligible fraction of droplets with b ≃ 0. The fact that our experiments revealed the existence of droplets with SRs featuring simple deformation modes (on average, a little less than half of the dozens of tested droplets exhibiting stable SRs) indicates that there is a feedback between the passive LC and the AN shell that leads to the orientation of the active defects toward the b ≃ 0 configuration. We propose that hydrodynamic coupling can mediate in this cross-talk between active and passive LCs, because one can expect that the drag forces and corresponding viscous stresses felt by the active shell will be different in droplet regions near the ring disclination. Our simulations also demonstrate that a configuration with b ≃ 0 is energetically favorable for the oscillating SR. Droplets where the SR is less than 1 mm from the active shell were marginally stable with respect to the collapse into the dipolar configuration ( fig. S2 ). Monitoring these droplets allowed observing the transition between the different dynamic regimes of the oscillating SR (Fig. 5 and  movie S5 ). The single-mode oscillating SR (Fig. 5A) could evolve, sometimes reversibly, into multimode oscillating regimes (Fig. 5B) . The dominant modes of the sustained oscillations are highlighted by the Fourier analysis of the average transmitted intensity in polarized microscopy images (Fig. 5, F and G) . Our simulations ( fig. S3 and movie S6) revealed that these multimode oscillations could be obtained with active defects that broke, even if only once, the regularity of the orbits to follow a new set of trajectories, when moving between two coplanar positions. After such event, defects still moved along the same lines but with reverse directions with respect to the original orbits. This is further shown in fig. S3 .
Eventually, the SR became highly distorted and practically dismantled (Fig. 5C ). During the sequence of transitions, the signature of periodic oscillations faded away (Fig. 5, E to G) , converting the original spectrum with a single frequency peak into a multiple peak and, finally, a noisy spectrum. This is an indication that emulsions of active and passive components can sustain mutually coupled randomly evolving regimes that are characterized by a broad frequency distribution of dynamic behavior. Eventually, this highly convoluted dynamic phase led irreversibly to the final, lower-energy dipolar configuration (Fig. 5D ).
In the reported experiments, the amplitude and the dominant deformation mode in SRs increased with the activity of the AN and with the strength of the coupling between the AN and the passive phase. Activity can be modified via ATP concentration, but we did not use this as a control parameter after observing that active flows were more vigorous in some droplets of analogous size, presumably because of a heterogeneous partition of the aqueous active phase during the dropletforming process. On the other hand, coupling strength will be higher when the disclination is closer to the droplet surface, taking into account the flow pattern in the passive phase unveiled by our simulations (fig.  S5 ). The distance from the SR to the surface typically scales with the droplet radius (40) , although it depends on the strength of the surface anchoring given by the surfactant (44) . In our experiments, we observed a significant variability in the equilibrium SR position for droplets of similar size, which may again point to a heterogeneous partition of the water-dispersed surfactant during the emulsification process, leading to a dispersion in the anchoring strength.
By changing the type of surfactant stabilizing the active emulsion, one can easily tune the anchoring conditions of the passive LC at the surface of the droplets, thus imposing different topological constraints on the motion of active defects. In particular, interesting effects may arise from the coupling of active flows with less labile passive defect configurations, such as the recently reported hexadecapolar structure (45), composed of a simultaneous pair of point-like surface point defects (boojums) and an SR disclination that is obtained for conical anchoring at the droplet surface. Here, we induce this configuration around the active shells by using the surfactant Tween 80 (see Materials and Methods). As a result, we obtain highly regular oscillatory regimes that are remarkably stable over time ( Fig. 6 and movie S7 ). This could be interpreted as arising from a higher constrainment on the SR disclination due to the presence of the pair of quasi-immobile boojums.
CONCLUSION
In summary, we have reported from experiments and numerical simulations a scenario of cross-talk between active and passive defects when droplets containing active shells are dispersed in a passive LC. This supposes an unprecedented realization in the hierarchy of emulsion-based soft matter systems that combines active lyotropic and passive thermotropic LCs. By tracking the behavior of SR-localized disclinations in the host matrix, we identify a wealth of dynamical regimes induced by the sustained cortical flows. Strikingly enough, when the periodically visited trajectories of active defects are compatible with the SR structure, the paths of the active defects appear locked while inducing periodic oscillations of the SR. This situation is, however, prone to destabilization, giving rise to chaotic regimes, or even to the change of the passive defect structure. The dynamic regime depends on the coupling between the active and passive phases, in particular, on the nature and concentration of the surfactant that determines the boundary conditions of the passive mesogen. A tight control of the system, especially if one aims at the realization of a homogeneous active emulsion, will require the implementation of microfluidic techniques that allow surpassing the heterogeneous partition of the active aqueous preparation observed in the reported experiments. From a fundamental point of view, our study is an alternative to and complements recent experiments on bacteria dispersed in lyotropic LCs (46) (47) (48) and should foster the incipient research on active droplets (49) (50) (51) (52) (53) . In a broader perspective, our research can be related to the propulsion of emulsified droplets embedded in either isotropic (54) or anisotropic environments (55) that, so far, have not involved an inherently active component.
Beyond its fundamental interest, the research reported here opens new perspectives by extending from isolated to ensembles of active droplets. Designing strategies of dynamic self-assembly based on these active units may provide with new tools to engineer materials powered by biological energy. 
MATERIALS AND METHODS

Materials
Purification of tubulin Heterodimeric (a,b)-tubulin (obtained from the Brandeis University Biological Materials Facility) was purified from bovine brain tissue through two cycles of polymerization/depolymerization in high-molarity Pipes buffer (56) .
Polymerization of MTs
Tubulin was incubated at 37°C for 30 min in an M2B buffer (80 mM Pipes, 1 mM EGTA, and 2 mM MgCl 2 ) (P1851, E3889, and M4880, respectively; Sigma) supplemented with the reducing agent dithiothreitol (DTT) (0.4 mM; 43815, Sigma) and with guanosine-5-[(a, b)-methyleno] triphosphate (GMPCPP) (0.6 mM; NU-405, Jena Biosciences), a nonhydrolyzable analog of the nucleotide guanosine 5′-triphosphate. By controlling the concentration of GMPCPP, we were able to prepare highdensity suspensions of short MTs (1 to 2 mm). For the characterization with fluorescence microscopy, part of the initial tubulin (3%) was fluorescently labeled with Alexa Fluor 647 (A20006, Thermo Fisher Scientific), which is attached by a succinimidyl ester linker to a primary amine on the tubulin surface. After incubation, MT suspensions were allowed to sit at room temperature for 5 hours. Subsequently, they were aliquoted in small volumes, snap-frozen in liquid nitrogen, and kept at −80°C. Kinesin expression Drosophila melanogaster heavy-chain kinesin-1 (K401-BCCP-6His) has been expressed in Escherichia coli by using the plasmid WC2 from The Gelles Laboratory (Brandeis University, MA, USA) and purified with a nickel column (57) . In brief, a single E. coli colony was grown in LB broth. Subsequently, expression was induced by adding isopropyl-b-Dthiogalactopyranoside in the culture, which was kept shaking at 22°C overnight. After pelleting cells by centrifugation, the pellet was resuspended in a lysis buffer and sonicated. Subsequent ultracentrifugation allowed getting the expressed protein in the low-speed supernatant, which was loaded into a nickel column for purification. After dialysis against 500 mM imidazole, a desalting column was used to exchange the buffer to 50 mM Hepes buffer solution. The protein was concentrated with a molecular exclusion column, and its concentration was estimated by means of absorption spectroscopy. Finally, kinesin was stored at a specific concentration in a 40% (w/v) sucrose solution at −80°C.
Preparation of kinesin clusters
Biotinylated kinesin motor proteins and tetrameric streptavidin (43-4301, Invitrogen), supplemented with the reducing agent DTT (0.1 mM), were incubated on ice for 30 min at a stoichiometric ratio of 2:1 to obtain kinesin-streptavidin motor clusters. Active gel assembly MTs were mixed with the molecular motor clusters that act as active cross-linkers and with ATP (A2383, Sigma) that drives the activity of the gel. The aqueous dispersion contains a nonadsorbing polymer [polyethylene glycol (PEG), 20 kDa; 95172, Sigma] that promotes the formation of filament bundles via depletion interaction. To maintain a constant concentration of ATP during the experiments, we added an enzymatic ATP-regenerator system based on phosphoenolpyruvate (P7127, Sigma) and pyruvate kinase (434301, Invitrogen), which converted adenosine 5′-diphosphate back into ATP. Several antioxidant components were also included in the solution to prevent protein residues from forming disulfide bonds and to minimize fluorophore damage by oxygen species. The antioxidants were as follows: Trolox (238813, Sigma), DTT (43815, Sigma), and an oxygen-scavenging enzymatic mixture that includes glucose (G8270, Sigma), glucose oxidase (G2133, Sigma), and catalase (C1345, Sigma). Surfactants A PEGylated surfactant must be added in the active mixture to procure biocompatible water/oil interfaces in subsequent steps. For these experiments, which involve water/LC interfaces, the choice of surfactant also determines the disposition of the LC molecules at the interface with the active aqueous suspension. For planar anchoring, Pluronic F-127 [1 to 3% (w/v); P2443, Sigma] was used, and for conic anchoring, 
LC cells
Active emulsions were confined between parallel plates that set equal anchoring conditions to the molecules of the continuous mesophase, either planar or homeotropic. Rubbed PVA (146 to 186 kDa; 363103, Sigma) spin-coated glass plates were used to induce unidirectional planar anchoring. Conversely, glass substrates functionalized with a fluoroalkyl silane (Aquapel, PPG Industries) imposed perpendicular anchoring of the LCs. Two sheets of double-sided tape, used as spacers between the plates, ensured a separation of 140 mm. After being filled by capillarity, the cell was sealed using ultraviolet-curable epoxy glue (NOA81, Norland Optical).
Sample characterization
Polarization, bright-field, and fluorescence microscopies have been used to characterize the active emulsions. Polarized light-and bright-field microscopies were performed with a Nikon Eclipse 50iPol upright microscope. Images were acquired with an AVT Marlin 131B complementary metal-oxide semiconductor digital video camera. Observation of active samples based on fluorescently labeled MTs was carried out with the same microscope, which is also equipped with a white lightemitting diode light source epiilluminator (MWWHLP1, Thorlabs) and a Cy5 fluorescence filter set (Edmund Optics). Image acquisition was performed with an Andor iXon 877 cooled electron multiplying chargecoupled device and Andor Zyla 4.2 Plus cameras, both operated with ImageJ Micro-Manager open-source software.
Analysis of the defect dynamics
Image analysis of the passive LC dynamics was performed with customwritten ImageJ plugins, which extract space-time plots from a ringshaped selection. FFTs were calculated from the oscillations of the average grayscale intensity.
Numerical simulations
We performed numerical simulations of a passive nematic driven by the dynamics of an AN shell. The process of a simulation could be roughly divided into three steps: First, position and orientation of active defects in time were chosen to correspond to the trajectories published in the previous investigations of AN shells. Second, a velocity profile on an active shell was calculated from the position and orientation of active defects. Third, a velocity profile on an active shell was used as a boundary condition for a full simulation of a passive nematic dynamics.
AN defect trajectories
First experimental realization of AN shells have revealed a complex dynamics of four + 1/2 nematic defects, based on their oscillation between coplanar and tetrahedral configurations (30) . Numerical simulations (33) capture coplanar-tetrahedral oscillations, in which active defects are not bounded in pairs. We approximated the numerical results by constructing active defect orbits from a set of circular arches, which lie on an intersection between a sphere and a cube ( fig. S3A ). The defects were propagated along the trajectories with a constant velocity and oscillated between coplanar and tetrahedron-like configurations ( fig. S3B) . Furthermore, such approximation allows capturing the irregular behavior ( fig. S3C ) observed in numerical simulations of active shells at higher activity (33) . Velocity profile on active shells An AN profile of a + 1/2 defect on a plane generates a force field (58)
where a is the activity, r is the distance from the defect, andx is the orientation of the defect. We used stereographic projection to map a force distribution due to active defects on a shell and calculated the velocity profile on a spherical shell using a lattice Boltzmann method with isotropic viscosity. The obtained results show the velocity profile with clear peaks at the positions of active defects ( fig. S6 ) and wellformed flow structures, such as vortices ( fig. S6A ) and stagnation points ( fig. S6B ). Passive nematic dynamics Our numerical simulations are based on the Beris-Edwards approach to nematodynamics (59) , where the evolution of the system density r, velocity v, and full nematic tensor order parameter Q are described by the continuity, Navier-Stokes, and nematic tensor nematodynamic equations
where H is the molecular field tensor
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the Landau-de Gennes free energy expanded by the surface anchoring energy with preferred tensor order parameter Q 0 . A, B, and C are material parameters determining the nematic degree of order, L is the elastic constant, and W is the anchoring strength. The generalized advection term S couples the nematic orientation to the flow
where u ij = (∂ i v j + ∂ j v i )/2 and w ij = (∂ i v j − ∂ j v i )/2 are the strain rate and vorticity tensor, respectively, and x is the alignment parameter. The stress tensor s is given by
where s The size of the simulation box is 332x N × 332x N × 231x N with no-slip velocity boundary condition and fixed director field at the sides of the simulation box. Equations 2a to 2c were numerically integrated using a hybrid lattice Boltzmann approach, consisting of a finite difference method for the evolution of the nematic tensor order parameter (Eq. 2c) and a lattice Boltzmann method (60, 61) with a 19-velocity lattice model, Bhatnagar-Gross-Krook collision operator, and a moving boundary at the interface with the active shell for the Navier-Stokes (Eq. 2b) and the continuity (Eq. 2a) equations.
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